We proposed a method to assemble microspheres into a threedimensional crystal by utilizing the giant nonequilibrium depletion force produced by nanoparticles. Such assembling was demonstrated in a colloid formed by suitably mixing silica microspheres and magnetic nanoparticles. The giant nonequilibrium depletion force was generated by quickly driving magnetic nanoparticles out of the focusing region of a laser light through both optical force and thermophoresis. The thermophoretic binding of silica beads is so tight that a colloidal photonic crystal can be achieved after complete evaporation of solvent. This technique could be employed for fabrication of colloidal photonic crystals and molecular sieves. 
Introduction
Periodic structures are of interest for photonic, plasmonic and other studies. As top-down approaches are expensive, bottom-up approaches like formation of colloidal crystals in diluted solution are pursued [1] . These have been used to realize molecular sieves [2] , photonic crystals (PCs) [3] , and chemical sensors [4, 5] . Particularly, monodispersed microspheres were self-assembled into colloidal crystals by methods that rely on different mechanisms [6] [7] [8] [9] [10] [11] . Each technique has its own advantages and limitations. For example, colloidal crystals with very few defects and dislocations can be obtained by using capillary force [12] . However, it usually takes a long time (generally several hours) to assemble the crystals. In contrast, the assembling based on spin coating is a time-effective technique to fabricate colloidal crystals with large sizes but the controlling of defects and dislocations remains to be a problem [13] . In the cases when the size of colloidal crystals is not a primary consideration, a time-effective fabrication technique that renders high-quality colloidal crystals with few defects and dislocations becomes important. For this reason, techniques based on phoretic movement have attracted much attention in the past decade. Among these techniques, electrophoresis based monolayer assembly has been reported recently [14] . Similarly, thermophoresis mediated assembly of two-dimensional crystals and accumulation of biomolecules were also demonstrated [15] [16] [17] . However, the thermal gradient and/or the Soret coefficient (that governs the thermophoretic motion) required are quite large to move bigger and heavier particles. Thus, particle assembly due to thermophoresis requires an additional support mechanism.
In general, T S T f β ∇ = where β is 1 / B k T and f is the net force acting on the particle due to thermal gradient and thus for movement of heavier particles, like silica beads, large Soret coefficient (S T ) and/or temperature gradient (∇T) is required. For large temperature gradient, satisfying the condition,
where D and D T are the diffusion and thermal diffusion coefficients and a is the hydrodynamic radius of the particle, Marangoni-like slip flow leads to movement of particles to the colder surface [18] . While the longitudinal component of the velocity is zero, the transverse component (that is parallel to the surface) is non-zero resulting in the slip flow related movement and attraction of positive Soret coefficient particles to each other on the colder surface. Experimentally, it is difficult to realize required large ∇T. Thus, ways to control S T is important for both enhancement as well as having selective accumulation of particles. Recently, it has been shown that the effective Soret coefficient S T * of polystyrene (PS) beads in a colloidal suspension can be tuned, by changing the polymer concentration in the solution, to negative values [19] .
In this article, we propose a method to assemble microspheres into a three-dimensional (3D) crystal by utilizing the giant nonequilibrium depletion force produced by nanoparticles. Such assembly was demonstrated in a colloid formed by suitably mixing silica or PS beads with Fe 3 O 4 nanoparticles (hereafter referred to as magnetic nanoparticles). Apart from the thermophoresis of magnetic nanoparticles induced by a laser light, the large absorption force that drives magnetic nanoparticles quickly out of the focus play a crucial role in generating the giant nonequilibrium force. The resulting nonequlibrium distribution in the concentration of magnetic nanoparticles leads to an initial diffusiophoretic followed by thermophoretic motion of silica beads to the focus or heating center with a large effective Soret coefficient S T *, forming a 3D crystal with few defects and dislocations. The thermophoretic binding of silica beads is so tight that a colloidal PC can be achieved after complete evaporation of solvent.
Sample preparation and experimental details
The aqueous solution of silica beads used in our experiments were purchased from Duke Scientific Corporation. The diameter of silica beads is 1.6 µm and they are uniformly dispersed in water with a volume fraction of 10%. The water-based magnetic fluid we used was prepared by Central Iron and Steel Research Institute, China. The average diameter of magnetic nanoparticles was determined to be ~12 nm and the weight fraction of magnetic nanoparticles was measured to be 25.7%. In our experiments, the magnetic fluid was first diluted with water to magnetic fluids with different volume densities of magnetic nanoparticles. Then, the aqueous solution of silica beads was mixed with these magnetic fluids at a volume ratio of 3: 1 and sonicated for half an hour to obtain new colloids with uniformly distributed silica beads and magnetic nanoparticles for assembling experiments. This procedure ensures almost the same number density of silica beads in all colloids. Then, the new colloids were sealed into sample cells with a thickness of about 50 µm. Each sample cell was formed by two glass cover slides. The 532-nm light from a solid-state laser (Verdi-5, Coherent) was focused on the sample cell by using a 63× objective lens (NA = 1.43), as schematically shown in Fig. 1(a) . The spot size of the laser beam on the sample cell is similar to the diameter of silica beads. It is important to place the focus of the laser light just above the bottom wall of the sample cell. To do so, the absorption force, which is much larger than the gradient force [20] , will push magnetic nanoparticles out of the focus. It was found that a depletion region of magnetic nanoparticles could be easily created at the focus by utilizing the large absorption force and an effective assembling of silica beads could be realized. The assembling process of silica beads was monitored by using an inverted microscope (Axio Observer A1, Zeiss) in combination with a charge-coupled device (CCD).
Results and discussion

Layer by layer formation of 3D crystals
Initially, the heavier silica beads were observed to settle on the bottom wall of the sample cell. Once the laser beam was focused into the sample cell, a fast movement of silica beads towards the focus was clearly observed. By particle tracking, we measured that the average velocity of particles varies from about 150 µm/min in the first 15 seconds to 75 µm/min in the next 15 seconds. The 2D crystal grew up very quickly and more than 40 silica beads were found along the diameter of the circular-shaped crystal after about 60 seconds. Silica beads in the 2D crystal were regularly and closely packed into a hexagonal lattice with negligible defects. Also, it should be emphasized that a very low laser power of only about 15 mW was needed to trigger the assembling of silica beads. The role of absorption force and thermophoresis may be understood as the assembly did not occur when an 800-nm light is used due to weak absorption in magnetic nanoparticles. During the assembling process, a closer look at the 2D crystal revealed that some silica beads accumulated at the edge of the 2D crystal climbed up onto the crystal and moved towards the central region with a slower speed. This resulted in forming of a second layer of closely packed silica beads at the central region on top of the first one. Although the area of the second layer of silica beads was much smaller than the first one, this layer-by-layer crystallization process continued. The CCD images illustrating the assembling process of silica beads through a layer-by-layer fashion into a 3D crystal are presented in Fig. 1 . In the optimum case, a 3D crystal with five layers of regularly packed silica beads was obtained, as shown in Fig. 2 . Apart from the observation through the microscope with CCD, the laser light also acted as a probe for the ordering of the formed crystal. The evolution of the diffraction pattern of the incident light, from a uniform Gaussian distribution to a Debye-Scherrer ring and eventually to Bragg diffraction spots, during the assembling process shown in Fig. 3 clearly indicates the formation of an ordered structure. 
Effect of ratio of magnetic to silica particles in the colloid
By using colloids with different number densities of magnetic nanoparticles, it was found that the largest and best 3D crystals were obtained when the number density of magnetic particles was chosen to be ~1.75 x 10 16 cm −3 . In this case, the colloid was obtained by mixing the aqueous solution of silica beads with the magnetic fluid at a weight ratio of 3: 1. This phenomenon can be interpreted by the effective Soret coefficient of silica beads that is dependent on the concentration of magnetic nanoparticles. Basically, the effective Soret coefficient of silica beads can be expressed as [19] * 2 1 
(
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Here, S T b and S T m are the Soret coefficients of silica beads and magnetic nanoparticles, a is the radius of silica beads, λ is the interaction distance between the two types of particles, and c m is the concentration (or the number density) of magnetic nanoparticles at the center of the focus in the steady state. From Eq. (1), it can be seen that the effective Soret coefficient of silica beads increases linearly with the equilibrium concentration of magnetic nanoparticles at the beam center c m that increases with the background concentration of magnetic nanoparticles. Accordingly, it was found that the assembling speed became faster with increasing concentration of magnetic nanoparticles, leading to a larger size and better quality of the formed crystal. Once the concentration of magnetic nanoparticles exceeds a certain value (i.e., c m ~1.75 x 10 16 cm −3 in our case), however, we observed a slowdown of the assembly and a reduction in the crystal size. It implies a decrease of the effective Soret coefficient of silica beads. In fact, the effective Soret coefficient generally depends on the concentration of the particles (both magnetic and silica beads). Though the Soret coefficient can be considered as a constant when the particle concentration is low, in the case of high concentration, the interaction between particles cannot be neglected and the Soret coefficient decreases rapidly with increasing concentration [21] . Therefore, the effective Soret coefficient of silica beads begins to decrease when the concentration of magnetic nanoparticles exceeds a certain value. The 3D crystals obtained by using colloids with different number densities of magnetic particles are compared in Fig. 4 . 
Effect of particle size and type of particles
Apart from the concentration of magnetic nanoparticles, it is apparent from Eq. (1) that another quantity that significantly affects the effective Soret coefficient of silica beads is their own Soret coefficient (S T b ). It has been known that the Soret coefficient of particles scales linearly with the size of particles. We have performed assembling experiments by using silica beads with a smaller diameter of 0.70 µm. In this case, a smaller effective Soret coefficient as well as a stronger Brownian motion is expected. On the other hand, the interaction between 0.7-µm silica beads and magnetic nanoparticles is thought to be weaker as compared with 1.6-µm silica beads [22] , leading to a weaker nonequilibrium depletion force. Accordingly, it was found that only a 2D crystal with a smaller size could be obtained. Also, the assembling of PS beads with a similar diameter (1.9 µm) but a positive Soret coefficient [19] has been carried out wherein a 3D crystal but with a smaller size was achieved. However, the 3D crystal was formed on the top wall of the sample cell. In addition, the laser power necessary to realize the assembly increased dramatically to about 200 mW due to the positive Soret coefficient. In this case the role of radiation force also comes into picture due to lighter particles and large intensity used. The 2D and 3D crystals formed by using smaller silica beads and PS beads are shown in Figs. 5(a) and 5(b), respectively. 
Crystallization on glass slides
The assembling experiments described above were carried out in sample cells where the light scattering from suspended particles and walls of the cell also contribute to the formation of colloidal crystal like in optical matter. Previously, we have reported several techniques based on optical forces to fabricate optical matters and the creation and annihilation dynamics of optical matters [23] [24] [25] . In these cases, the fabricated optical matters will be destroyed by the Brownian motion once the laser beam was blocked. Similarly, the optical matter formed by nonequilibrium depletion force will eventually be destroyed by the Brownian motion of particles once the laser beam is turned off. To avoid effects of shape of the cell on the assembling process as well as to get usable structures for OPAL or inverse OPAL like structures and molecular sieves, we wanted to check if the assembling process could be replicated on a glass slide.
For this, a droplet of the colloid containing both silica beads and magnetic nanoparticles was placed on the surface of a glass slide and the laser beam was focused on the surface of the glass slide. In this case, one would expect free convection. Indeed, during the initial period the liquid flow is not significant or noticeable. However, as the time progresses crystallization takes place and water gets heated due to conduction. As the water temperature increases, convection sets in and we see bifurcation in the flow. Eventually, the liquid evaporated and the volume of the colloidal droplet reduced with time. Just before water in the droplet was completely evaporated, the silica beads in the crystal suffer from strong force that tends to break the crystal. However, the tight binding between the particles seems to prevent the crystal from being destroyed, leaving a perfect colloidal PC on the surface of the glass slide. Since the colloidal PC was covered by magnetic nanoparticles, the sample was baked at 100°C for several minutes to partially remove the magnetic nanoparticles. In Fig. 6 , the CCD and SEM images and diffraction pattern of the crystal are shown. Three layers of silica beads that are regularly arranged in a hexagonal lattice can be identified in the colloidal PC. In Fig.  6 (c), only three silica beads were observed in the top layer because most silica beads in this layer had been removed with the magnetic nanoparticles coated by surface surfactant. Therefore, this technique offers us an easy, fast, and effective way of fabricating colloidal PCs, especially for those composed of both micro-and nanoparticles. 
Summary
We have proposed and demonstrated a technique to assemble silica beads into a 3D crystal with few defects and dislocations by utilizing the giant nonequilibrium depletion force produced by magnetic nanoparticles. Furthermore, the tight binding of silica beads makes it possible to obtain 3D colloidal PCs after the complete evaporation of water. This phenomenon can be employed as a low cost and faster fabrication technique for high-quality 3D colloidal PCs. In addition, the control and enhancement of effective Soret coefficient
